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2FIG. 1. Sub Geodesics. (a) The fill path with a geodesic between the vertices 1 → 2 → 3 → 4. The raw geodesic distance
matrix contains all sub-paths that also connect a pair of vertices. (b)-(e) The set of sub-geodesics highlighted in red dotted
lines. (b) 1 → 2, (c) 2 → 3, (c) 1 → 2 → 3, and (e) 3 → 4.
3FIG. 2. Distribution of direct particle contacts for the non-sliding contact networks from (a) 0.70, (b) 0.72, (a) 0.74, (b) 0.76,
(a) 0.78, and (b) 0.79 area fractions.
FIG. 3. Changes in the geodesic index for non-sliding contact force networks with error bars included.
4FIG. 4. Void domain analysis for sliding force networks. (a)
The number of empty grid squares (void domains). (b) Num-
ber of distinct void domains. All curves were averaged over
the snapshots of the simulation.
Global topology of contact force networks:
new insight into shear thickening suspensions
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Highly concentrated or “dense” particle suspensions can undergo a sharp increase in viscosity,
or shear thickening, under applies stress. Understanding the fundamental features leading to such
rheological changes in dense suspensions is crucial to optimize flow conditions or to design flow
modifiers for slurry processing. While local changes to the particle environment under an applied
shear can be related to changes in viscosity, there is a broader need to connect the shear thickening
transition to the fundamental organization of particle-interaction forces which lead to long-range
organization. In particular, at a high volume fraction of particles, recent evidence indicates frictional
forces between contacting particles is of importance. Herein, the network of frictional contact forces
is analyzed within simulated two-dimensional shear thickening suspensions. Two topological metrics
are studied to characterize the response of the contact force network (CFN) under varying applied
shear stress. The metrics, geodesic index and the void parameter, reflect complementary aspects
of the CFN: one is the connectedness of the contact network and the second is the distribution
of spatial areas devoid of particle-particle contacts. Considered in relation to the variation of the
viscosity, the topological metrics show that the network grows homogeneously at large scales but
with many local regions devoid of contacts, indicating clearly the role of stress chain growth in
causing the large change in the rheological response at the shear thickening transition.
I. INTRODUCTION
“Dense”suspensions consist of a high volume fraction
of particles immersed in a liquid, and can be found in var-
ious man-made and natural materials such as muds, ce-
ramics, and chemically extreme environments like those
associated with industrial waste storage and processing
sites. Controlling the flow of dense suspensions is one of
the most critical aspects for processing but it is challeng-
ing because these fluids exhibit a wide range of rheolog-
ical behavior. These rheological properties derive from
an interplay of forces between the particles, coupled with
the physicochemical characteristics of both the particles
and the suspending medium, under far-from-equilibrium
shear flow conditions.
Suspended particles may generally be subject to hy-
drodynamic, van der Waals, electrostatic, Brownian, and
frictional forces, each of which may predominate depend-
ing upon the conditions. In dense Brownian suspen-
sions, a delicate balance between these forces has been
shown to be responsible for yielding, shear-thinning, and
shear-thickening, depending on shear rate and the volume
fraction of particles [1]. The present work focuses upon
non-Brownian suspensions, where the dominant particle
forces are expected to be hydrodynamic and frictional
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[2, 3]. The former can be decomposed into a “short-
range” hydrodynamic lubrication force that arises from
close proximity between particles and the large pressures
associated with relative motion of the particle surfaces,
and a “long-range” hydrodynamic force. Particle volume
fractions approaching the jamming condition have been
shown experimentally to lead to increasing importance
of frictional forces between two particles that involves
direct particle contact and is physically related to rough-
ness of particle surfaces [4, 5]; previous study by Mari
et al. [3] demonstrated that inclusion of stress-induced
frictional interactions above an onset stress set by repul-
sive forces between particles allows the rationalization of
strong shear thickening in dense non-Brownian suspen-
sions. The contribution to the viscosity of short-range
hydrodynamics relative to friction is larger at smaller
volume fraction of particles - specifically, hydrodynamics
is found to be dominant up to an approximate volume
fraction φ = 0.45 as seen by comparison of experiments
with Brownian hard spheres [6] and Stokesian Dynam-
ics simulations [7] at the same conditions. However, at
higher solid fraction in the same set of experiments [6],
the behavior was not reproducible without inclusion of
further physics. The rate dependence observed is con-
sistent with hydrodynamics overwhelming the stabilizing
effects of Brownian motion and repulsive surface forces,
driving particles into contact as shear rate increases [1, 8].
The viscosity of non-Brownian dense suspensions at
zero and infinite shear limits has been understood via a
volume fraction of particles scaled by a relevant maxi-
mum packing fraction (e.g., the Krieger-Dougherty for-
mulation [9]). Such a formulation intrinsically captures
the frictional nature of the particles through its influ-
ence on the maximum packing fraction. A recent study
showed that such a scheme can be extended to bidisperse
and polydisperse non-Brownian suspensions [2]. Yield
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2stress of dense suspensions has been studied by rheom-
etry and subsequent simple rheological models that in-
clude the Bingham plastic or Herschel-Bulkley fluid mod-
els, combined with qualitative scaling arguments and
semi-quantitative theories [10–13]; these studies show the
yield stress arises from a collective effect involving both
cohesive forces between particles and microstructure of
aggregated particles.
Particle-based numerical simulations such as the noted
Stokesian Dynamics (SD) [7] and DPD (Dissipative Par-
ticle Dynamics) [14] have been employed to study the
hydrodynamic role in rheology and microstructure of dis-
persions, and more recently simulation models which in-
clude particle contact have been considered to examine
the onset of yield stress, obscuring of shear thickening,
and continuous/discontinuous shear thickening [1, 3, 15].
Importantly, these studies clearly demonstrate a signifi-
cant role of the network of particles that come into direct
contact with each other and interact via frictional force
– the “contact force network” (CFN). These studies have
shown that CFN formation is a critical component of the
rheological response for both yielding and shear thick-
ening. Furthermore, the shear thickening transition is
shown to be coincident with the appearance of a grow-
ing number of frictional contacts as the shear rate (or
the shear stress) increases [3]. More specifically, it was
found that, once the contact network forms and spans
the suspension, constraints on the motion of particles due
to friction generate correlated regions whose large-scale
fluctuational motions are much more dissipative than iso-
lated lubricated sphere motions, and in turn result in the
high viscosity of the shear thickened state.
To date, analysis of the properties of the contact net-
work and their correlations to rheological response has
been limited, although the fraction of frictional contacts
(i.e., the number of close interaction contacts that are in
the frictional state divided by the total number of such
interactions) exhibits a direct relation to the shear stress
[3, 16]. Melrose & Ball [17] focused on hydrodynamic
clustering of particles with a polymer coating that re-
sulted in a repulsion as well as a modified lubrication
force. While the contact networks were not the focus
of their study, they reported that coordination numbers
(contacts per particles) were low at low shear rates be-
fore suddenly and sharply increasing at the higher rates
associated with shear thickening.
An emerging field of study is the application of network
(or graph) theory to explore the topological organization
of physical systems. Papadopoulos et al. [18] offers a
valuable review of this approach and how it has been
applied to granular packing. This review describes how
network theory has been developed and employed across
multiple disciplines, resulting in a rich set of tools and
analysis techniques. Using the tools of network theory,
complex multi-scale (in both length and time) behavior
can be related to the patterns of interactions between
participants. We use this approach in the present work
to study contact force networks, where spherical particles
are the nodes and their particle-to-particle frictional con-
tacts are the edges in the network. We are particularly
interested in the transmission of forces across system-
wide distances and the role this plays in the bulk rhe-
ological behavior, with a focus on the viscosity. Such
analysis has been performed for granular systems, where
network approaches have followed the evolution of the
contact network topology under various conditions [18–
20], such as jamming [21]. However, contact networks in
dense suspensions, under the influence of hydrodynamic
interactions, have not been well explored using network
theory, and suspensions have the benefit of providing
rate-dependent nonequilibrium stready states which are
ideal for statistical analysis of network properties and
their dependence on the controlled parameters.
The basic question we consider is what correlating rela-
tionships exist between the global network topology and
rheological properties. We then seek to understand how
those relationships elucidate the physical behavior. To-
ward this end, this work introduces a topological met-
ric that measures the interconnectedness of CFNs as a
function of shear stress or shear rate and area fraction
of dense suspensions. We also introduce a topological
parameter that measures areas of the 2D network that
are void of frictional contacts. Using these two topolog-
ical metrics in tandem reveals that the dominant force
networks display homogeneous growth across the entire
system, but are locally heterogeneous with regions de-
void of contacts. We also show that interactions continue
to form well past the shear thickening transition, as the
CFN becomes more dense and robust.
II. COMPUTATIONAL METHODS
A. Simulation protocol
The shear thickening behavior of suspensions was sim-
ulated using the method LF-DEM, which employs a ’lu-
brication flow’ (LF) description of hydrodynamic interac-
tions coupled with discrete element modeling (DEM) of
particle contacts. Also included are conservative forces,
e.g. electrostatic repulsion [8]. This approach success-
fully reproduces important aspects of both continuous
and discontinuous shear thickening. A brief overview of
the LF-DEM simulation method is presented here, and
the interested reader can find a detailed description of
the tool elsewhere [3, 8, 22], including the influence of
attractive forces in shear-thickening suspensions [1].
LF-DEM is based on the overdamped Langevin equa-
tion, with negligible particle inertia, amounting to a force
and torque balance for each particle:
0 = FH + FC + FR (1)
where hydrodynamic forces (FH), contact forces (FC),
and repulsive colloidal forces (FR) are considered here. A
similar torque balance holds. An electrostatic repulsion
3is modeled as
FR = F0exp (−κh) . (2)
The characteristic length scale of the repulsive force is
the Debye length which we set to κ−1 = 0.02a, where a
is the particle radius. The dominant contribution of hy-
drodynamic forces in these dense suspensions is captured
through the lubrication force (long-range hydrodynamics
are neglected) while contact forces are modeled by linear
normal and tangential springs that follow the Coulomb
friction law:
FC,tan ≤ µFC,nor, (3)
where the static friction coefficient µ = 1 in all work
presented here. Spring constants are chosen such
that the maximum normal and tangential particle defor-
mation is maintained below 0.04a and 0.02a, respectively.
In order to avoid shear-induced ordering, a slightly
bidisperse suspension having equal area fractions of par-
ticles with radii a and 1.4a was simulated at total area
fractions of φA = 0.70, 0.72, 0.74, 0.76, 0.78, and 0.79,
all in the dense regime. The simulations were conducted
in a quasi-2D environment of a monolayer of 500 total
spheres with Lees-Edwards boundary conditions applied
to mimic an infinitely extended material. Shear stress-
controlled simulations were performed for 30 strain units
over a range of shear stress capturing the CST (con-
tinuous shear thickening) and DST (discontinuous shear
thickening) transitions. Averaged properties of rheolog-
ical measures (i.e., relative viscosity in our case) were
extracted from the simulation output sampled every 0.01
strain after discarding initial transient data (∼2 strain
units); the time or strain average is substituted for the
ensemble average as this system is found to be ergodic
[8].
B. Stress scaling
Shear stress dependence of the rheology of dense sus-
pensions is only introduced through the presence of an
additional force scale besides hydrodynamic forces. In
the present work, electrostatic repulsion is the only com-
peting force and thus the repulsive force at contact (F0) is
used to rescale the stress for this system. Consequently,
shear stress σ is reported in dimensionless form through
scaling with η0γ˙0, where η0 is the viscosity of suspend-
ing fluid and γ˙0 = F0/(6piη0a
2). Suspension viscosity is
presented in non-dimensional form as relative viscosity,
ηr = η/η0.
C. Network analysis
In application of network (or graph) theory to suspen-
sions, the particles are represented as nodes (or vertices),
FIG. 1. A layered contact network, subdivided into the two
types of frictional forces: non-sliding and sliding. FN and FT
denote the force normal and tangental to the contact respec-
tively.
while edges between nodes denote an interaction. The
mathematical representation of any network is the N ×
N adjacency matrix A,
Aab =
{
0
1, if αab is satisfied
}
(4)
where N is the number of participating nodes and αab
is the criterion for establishing an edge between nodes
a and b. In this work, a frictional contact defines an
edge and is established when the center-to-center dis-
tance between particle pairs (d ij) is equal to the sum
of the particles’ radii (ai +aj). This contact force net-
work is then further subdivided into two layers: 1) one
based on non-sliding (static) friction edges, and 2) one
based upon sliding (dynamic) friction edges (Figure 1).
If equation 3 is satisfied, the contact is described as static
and the connection becomes part of the non-sliding net-
work; otherwise the contact is dynamic and becomes part
of the sliding network.
The simplest analysis of A consists of the edge dis-
tribution about every node. As prior work has shown
[15, 17], the edge distribution of the particles in the CFN
(which is a local metric of connectivity) is correlated
with the viscosity, presumably because, as viscosity is
increased, the maximum local connections possible for
a node is reached. For nodes of equal size, the maxi-
mum packing arrangement in 2D is a hexagonal lattice,
with six contacts per node [23–25]. With two sphere
sizes, the ratio of the sphere radii rsmall/rlarge, deter-
mines how the nodes will most efficiently pack. In this
case, rsmall/rlarge >
√
2− 1 which indicates that, for the
bidisperse systems in this work, the smaller spheres can-
not fit into the gaps of an ideal hexagonal lattice of larger
spheres, and therefore the maximum contact number will
be smaller than six [25].
To consider the global topology of the network, we
first consider pathways of interactions that span multiple
4FIG. 2. Grid analysis to determine void area in non-sliding frictional contact network.
nodes and can have a variety of shapes (cycles, strings,
etc.). One topological feature of interest is the extent
of connectivity within the network, which can be mea-
sured by determining the relative number of paths in
which a node participates. It is mathematically expe-
dient to define the shortest pathway that connects every
pair of nodes, called the geodesic path. Here, the Floyd-
Warshall algorithm [26, 27] is used to convert A to the
geodesic distance matrix containing the shortest number
of contiguous edge paths between individual nodes. The
raw geodesic distance matrix contains all sub-paths that
also connect a pair of nodes. For example, the path from
node 1 to node 4 through nodes 2 and 3, the geodesic
is 1 → 2 → 3 → 4, yet the entire set of geodesics also
contains the sub-geodesics 1 → 2, 2 → 3, and 1 → 2 →
3. See Figure S1 in the Supplementary Information. The
sub-geodesics are typically removed when considering the
number of paths in which a node participates [28]. Rec-
ognizing that the geodesic matrix is itself size-extensive
because the number of geodesics increases with particle
count N , we utilize the geodesic index, ηgd, given for
a network with N nodes sampled at M snapshots of a
simulation by
ηgd = 100× [
∑M
1 σgd(a)
N ×M ]. (5)
where
σgd(a) =
∑
1 gda(i) +
∑
1 gdb(i) + . . .
∑
1 gdN (i)
N
(6)
and gda(i) is the geodesic path in which node a partici-
pates. Note that this value can be larger than N , as node
a can be a linking node in many geodesics that connect
other pairs of vertices. Note that the scaling factor of 100
is introduced for convenience. As was shown by Wang et
al. [29], a hexagonal ice lattice converges on a geodesic
index of about 160. However, this was for a 3D struc-
ture of identical-sized nodes. So the value of 160 will not
be exceeded by the geodesic index of this system and can
safely be considered as a theoretical maximum value. The
Floyd-Warshall algorithm, implemented in the ChemNet-
works program [30], was used for all geodesic calculations.
Complementary to the measure of the interconnect-
edness of the global contact network is the analysis of
regions devoid of frictional contacts. To determine the
void areas, a grid is applied to each snapshot of the sim-
ulation trajectory (illustrated in Figure 2). The grid size
is set by the approximate area of two contacting parti-
cles, creating a 13 x 13 grid in the relative distance units
(scaled to the smallest particle size of 1, with a total box
side-length of 52). For a given snapshot, only particles
with at least one contact force edge are considered. Each
grid element that does not contain a particle is marked
as empty. The total void count and area are averaged
across snapshots and presented as a function of applied
shear stress. Analyzing both the interconnectedness and
the empty domains has significant potential to yield new
physical insight by elucidating the relative homogeneity
of the network as a function of volume fraction and ap-
plied shear stress.
III. RESULTS AND DISCUSSION
A. Benchmarking the simulation data
The shear thickening behavior of the frictional 2D sus-
pensions is illustrated by plotting the relative viscosity
versus shear stress (σ) for the different φA values in
the dense regime (Figure 3). At low shear, repulsive
forces dominate over the hydrodynamic forces. The elec-
trostatic repulsion maintains particle surface separation,
thereby preventing frictional contacts. The competition
between shear and the finite-range repulsive force results
in shear thinning behavior at low stresses.
Figure 3 shows that onset of shear thickening is ob-
served at a dimensionless critical shear stress of σ ≈ 0.3,
irrespective of φA. This has been observed in numer-
ous experiments [4, 31–35]. At the onset stress, a non-
negligible fraction of the pairwise repulsive forces are
overcome by hydrodynamic shearing to cause particle
contact and activate formation of frictional contacts be-
tween particles; contact is allowed due to a limiting of
5FIG. 3. Relative viscosities of bidisperse suspensions for the
simulations with various φA.
the lubrication resistance as described in prior work [3].
Frictional forces, and the formation of a frictional con-
tact network, provides additional resistance to flow, lead-
ing to increased viscosity observed as either CST or DST
depending on φA. Phenomenologically, the system expe-
riences a transition from frictionless to frictional rheology
at the onset of shear thickening, which is the same mech-
anism as described for 3D systems [36], and known to
compare well with experiments. The 2D suspension is
convenient, however, as it allows for straightforward vi-
sualization and analysis of network connectivity. Shear
thickening in these systems is seen to transition from CST
to DST at φA ≈ 0.78 as indicated by the slope of vis-
cosity as a function of stress approaching the value of 1
[37]. This, in 3D simulations, has been known to occur
at φ ≈ 0.56 for friction coefficient of µ = 1 [8].
B. Network connectivity
The networks analyzed below are a graphical represen-
tation of the frictional interactions between particles in
non-Brownian dense suspensions. The topological mor-
phologies of these networks are pursued to provide insight
to the phenomena responsible for rheological properties.
Exploring changes in graphical network parameters al-
lows us to determine the relationship between frictional
force and networks across length-scales (local to global
topology) and bulk shear-thickening.
The edge distribution over all nodes in the contact
force network is a local measure of connectivity. Fig-
ure 4 presents the edge distributions of non-sliding force
networks at the lowest and highest area fractions stud-
ied, φA = 0.70 and 0.79, with intermediate fractions pre-
sented in supplementary information. As anticipated, the
system with a higher φA has a larger population of par-
FIG. 4. Distribution of direct particle contacts for the non-
sliding contact networks from (a) φA=0.70 and (b) φA=0.79.
ticles with more contacts. Further, at the large φA, the
number of contacts increases rapidly as shear stress in-
creases, even when the shear stress is at the onset value
of σ ≈ 0.3. For all φA values, edge connections reach
a plateau around a shear stress of ≈ 5, but the viscosi-
ties continue to increase with increasing σ (see Figure 3).
Note that if the average number of contacts is considered,
the value for all φA values plateaus to approximately 3
contacts and is thus well below what would be antici-
pated for a hexagonal (edge count of 6) 2D system. This
implies that even at the highest shear stress, approaching
a jammed state, the system is far below the maximum
number of contacts for an ordered system. While this
local connectivity information reveals an average of the
local particle interactions, the global rheological charac-
teristics are not captured solely by the local contacts of
the particles, providing motivation for study of the topo-
logical characteristics of the entire contact network and
6their changes under applied shear stress.
In contrast to the local structure of the network pro-
vided by the edge distribution described above, the
geodesic index is a global metric of the extent of inter-
connectivity of the CFN. The geodesic index as a func-
tion of shear stress is shown in Figure 5 for φA studied,
for non-sliding (Figure 5a) and sliding frictional contact
networks (Figure 5b). For the non-sliding network, the
geodesic index increases with shear stress once past the
shear thickening onset of σ ≈ 0.3. Below this value, the
geodesic index remains small due to the low number of
frictional contacts; the force networks that the index is
measuring have yet to form in large numbers. Insensitiv-
ity of the geodesic index to the change in viscosity below
a σ ≈ 0.30 is a result of the small contribution of the
non-sliding contact force to the suspension stress. For
σ > 0.3, the geodesic index begins to rise, but at differ-
ent rates depending on φA. As with the viscosity, the
increase in the geodesic index is faster for the higher φA.
The dependence on φA is also seen in the rate at which
the geodesic index approaches its saturation value, which
occurs when the maximum number of particles for a spe-
cific φA are participating in the network. In contrast, the
sliding frictional network, while containing fewer connec-
tions than its non-sliding counterpart, begins to increase
its connectivity at a lower shear stress. At higher stress,
the curves turn over and the sliding network connections
begin to decrease, with higher φA decreasing faster. This
is similar to the edge count distributions, indicating that
the sliding frictional contacts are likely confined to local-
ized networks.
Our analysis of these networks provides a picture of
the type of interactions in which the nodes (i.e. particles)
participate. Below the onset stress for shear thickening
of σ ≈ 0.3, the stress is primarily generated by hydro-
dynamic forces and weak shear thickening is seen [3, 38].
Just prior to the critical stress, the interconnectivity of
the nodes begins to grow, with the dynamic frictional
contacts undergoing rapid growth as the stress begins
to overcome the repulsion force. At the onset stress,
networks of non-sliding frictionally-contacting particles
rapidly grow, and these apparently are crucial to the
more rigid correlated motion leading to elevated viscos-
ity. With further increase in σ, the non-sliding networks
become system-spanning; the detailed conditions for the
system spanning network are affected by the finite simu-
lation size, and we have not probed these here.
C. Voids: Domains that lack particle contacts
Complementary to understanding the interconnected-
ness of the contact network is a depiction of the unoccu-
pied regions that remain as stress increases. This metric
conveys information on the patterns and shapes associ-
ated with the 2D area of the forming networks. Thus,
these empty domains or voids offer a measure of the
developing force network, as the force chains form the
FIG. 5. Changes in the geodesic index for a) non-sliding con-
tact force networks and b) sliding contact force networks. The
non-sliding network with error bars included is shown in the
Supplementary Information.
boundaries of the voids in the highly connected states.
A region of high connection density will produce many
small voids. The total void area and the number of sepa-
rate void domains for the non-sliding force networks are
presented for different φA in Figure 6 as a function of
shear stress. The sliding network void analysis is included
in the Supplementary Information. Though beyond the
scope of the analysis presented here, more detailed analy-
sis of the 2D void shapes could provide added insight into
the change in rheological properties. Note that the void
analysis can be extended to 3D, where the voids would
be volumes.
Initially there are no contacts, and the entire domain
is therefore a single void. When contacts begin to occur,
at σ = 0.1 − 0.3 depending on φA, the number of voids
7FIG. 6. Void domain analysis for non-sliding force networks.
(a) The number of empty grid squares (void domains). (b)
Number of distinct void domains. All curves were averaged
over the snapshots of the simulation.
remains small and consequently the void areas. Both
features are insensitive to the changes in viscosity over
this initial evolution where hydrodynamic stress remains
dominant, similar to the geodesic index. Visually, we
observe that most of the simulation plane is empty of
contact network connections at low shear stress, and the
few void areas present span most of the domain. As the
shear stress increases, networks are formed as previously
demonstrated by the growth in the number of edges, and
the early rise in the geodesic index. Once past the onset
stress of σ ≈ 0.3, all volume fractions show a rapid in-
crease in the distinct number of void regions. As the net-
work forms, space is effectlvely partitioned by the force
network into separate void domains, so that the average
area of the voids falls rapidly with increase of σ. Exam-
ples of the separating void domains are shown in Figure
FIG. 7. Examples of void domains (blue) for = 0.79. (a) A
snapshot of a large single void domain at low shear stress. (b)
A snapshot showing several smaller void domains in interme-
diate shear stress. (c) A snapshot of very small void domains
in high shear stress.
7.
Interestingly, for stress above σ ≈ 1.0, the void counts
of the non-sliding networks in Figure 6b decrease, at
a rate depending on the area density. This occurs
even while the geodesic index continues increasing quite
rapidly, implying there is a limit to the number of small
voids that may be created within the network. As the
network connections continue to span across void do-
mains, many of the empty regions within the network
vanish (i.e. become smaller than 2a). This effect is
density-dependent as the smaller void domains are elim-
inated at lower stress for higher φA. However, even at
the maximum σ, some small voids always remain. This
is consistent with the disorder of the structure, as the
edge distribution never approaches the hexagonal pack-
ing limit. Some regions are not part of the contact net-
work even in the high viscosity state.
D. Complementary frameworks:
interconnectedness and voids
The rapid increase in the void count and the decrease
in void area suggest that network formation for non-
sliding frictional contacts is relatively homogeneous and
well distributed throughout the domain. If the network
grew from a single region, the original void domain in
Figure 6b would not separate into subdomains quickly,
and total void area presented in Figure 6a would slowly
decrease as the networks connections gradually absorbed
empty domains. Likewise if the force networks formed
8only on the borders of the empty domains and worked
their way into the empty regions, the decrease in void
area and increase in void counts would gradually change.
However, we find instead that the large void areas are
quickly spanned and subdivided by the force networks.
When considered together, we see that the geodesic in-
dex and the void analysis exhibit different behaviors at
the onset of the discontinuous shear thickening transi-
tion, during and after the transition. As the non-sliding
frictional network is initially formed, the void count and
area change dramatically with the rapid rise in the in-
terconnectivity until the network spans the system. For
this regime, the analysis of the voids becomes particu-
larly insightful. However, as the viscosity continues to
rise, both the number of voids and their area are effec-
tively minimized, and it is the interconnectedness of the
contact network itself that is the most sensitive to the
rise in viscosity.
IV. CONCLUSIONS
A quantitative understanding, of non-Newtonian be-
havior of fluids requires knowledge of the fundamental
forces and their underpinning organization. Here, we
introduce and evaluate global topological parameters of
the contact force network of a shear thickening fluid. We
show that these can not only track changes in rheological
properties (demonstrated for viscosity), but also reveal
important insights during the transition in properties.
The network analyses introduced here for the suspension
behavior – namely geodesic index and void count – illus-
trate that discontinuous shear transition is characterized
by: 1) a rapid rise in the interconnectivity of the contact
force network, and 2) the homogeneous distribution of
void domains whose number and area are minimized uni-
formly throughout the domain by the enhanced intercon-
nectivity. These well-defined network topological param-
eters provide a new window to understand the coupled
behavior of the particle forces and, in particular, how the
global features of the network can be correlated to the
bulk rheological responses. The scheme can help artic-
ulate a possible correlation between parameters used in
empirical viscosity models (e.g., Krieger-Dougherty equa-
tion) and the contact network (and thus particle forces).
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